Background: The control of erosion processes is an important issue worldwide. In New Zealand, previous studies have shown the benefits of reforestation or bioengineering measures to control erosion. The impetus for this work focuses on linking recent research to the needs of practitioners by formulating quantitative guidelines for planning and evaluation of ground bioengineering stabilisation measures. Methods: Two root distribution datasets of 'Veronese' poplar (Populus deltoides x nigra) were used to calibrate a root distribution model for application on single root systems and to interacting root systems at the hillslope scale. The root distribution model results were then used for slope stability calculations in order to quantitatively evaluate the mechanical stabilisation effects of spaced trees on pastoral hillslopes. Results: This study shows that root distribution data are important inputs for quantifying root reinforcement at the hillslope scale, and that root distribution strongly depends on local environmental conditions and on the tree planting density. The results also show that the combination of soil mechanical properties (soil angle of internal friction and cohesion) and topographic conditions (slope inclination) are the major parameters to define how much root reinforcement is needed to stabilise a specific slope, and thus the spacing of the trees to achieve this. Conclusions: For the worst scenarios, effective root reinforcement (>2 kPa) is reached for tree spacing ranging from 2500 stems per hectare (sph) for 0.1 m stem diameter at breast height (DBH) to 300 sph for 0.3 m stem DBH. In ideal growing conditions, tree spacing less than 100 sph is sufficient for stem DBH greater than 0.15 m. New quantitative information gained from this study can provide a basis for evaluating planting strategies using poplar trees for erosion control on pastoral hill country in New Zealand.
Background
Globally, many different forms of land use, driven from different socio-economic needs, produce a variety of anthropised landscapes that in some cases lead to significant changes in geomorphological processes. While some traditional land uses reduce the intensity of processes such as floods or shallow landslides (Sidle and Ochiai, 2006) , other types of land use lead to an acceleration of such processes (e.g. Phillips and Marden, 2005; Marden and Rowan 2015) . Pastures established on steep (20-35°) hillslopes in New Zealand for livestock grazing is an example of land use which over a long period has caused major issues from a landscape management perspective (Blaschke et al. 1992) . In particular, shallow landslides cause considerable losses of productive soil and represent a challenge for risk management in such systems (Heaphy et al. 2014) . Furthermore, landslide scars may contribute to further erosion from other processes that may cause continuing on-and off-farm effects including enhanced loss of soil productivity, water holding capacity, and decline in water quality of streams and rivers. It is estimated that for each high-magnitude storm event, with estimated return periods in excess of 20-50 years, regionally, up to 10 % of soil area on steep pastoral hillslopes may be lost and as high as 36 % lost on individual properties (Marden et al. 1995; Dymond et al. 2006; Rosser and Ross 2011) . Studies have also shown that the recovery of soil productivity on shallow landslide-eroded areas takes many years, with annual pasture production unlikely to attain more than 80 % of that of un-eroded ground over many decades (Douglas et al. 1986; Lambert et al. 1984; Rosser and Ross 2011) .
The benefits of reforestation or bioengineering measures to control erosion have also been demonstrated (e.g. Pearce et al. 1987; Phillips et al. 1990; Blaschke et al. 2008; McIvor et al. 2011; Marden 2012; Phillips et al. 2012) . In New Zealand pastoral hill country, widespaced trees of poplar (Populus spp.) and willow (Salix spp.) have been the primary means of erosion control for 50+ years (Wilkinson, 1999) . These species are established using 2.5-to 3.0-m-long poles (vegetative cuttings), with plastic sleeve protectors, and planted on slopes at a spacing of 10-15 m depending on erosion potential and practitioner experience. These trees add value to hill pastoral systems through providing shade, shelter, quality fodder (summer/autumn), and carbon sequestration (Wall et al. 1997; Betteridge et al. 2012; Basher 2013) , increasing their utilisation and further adoption by landowners. A mix of clones is usually planted, and they are managed for at least the first 5 years after planting. In some regions, treatment of erosion-prone pastoral areas has shifted from being farmer-led and voluntary to becoming a requirement promoted (and generally incentivised) or regulated by the local authorities.
Wide-spaced tree plantings over a range of sizes (ages) have been shown to reduce the occurrence of shallow landslides on pastoral slopes by up to 95 %, when compared with areas of similar topography without trees (Hawley and Dymond 1988; Dymond et al. 2006; McIvor et al. 2011; Douglas et al. 2013) . In order to formulate consistent guidelines for practitioners, quantitative data and effective methods, models, and tools are required. A better understanding of the landslide process and the effect of root reinforcement on slope stability should support current planting guidelines and allow better quantification of how and when stability is increased with different tree spacings as trees mature (Fig. 1) . Fundamental steps in such a quantitative approach are firstly the spatial characterisation of root distribution and secondly the calculation of root reinforcement.
Some knowledge and understanding of how widespaced trees contribute to slope stabilisation is provided by limited data on the root distribution of young (<12 years) poplar and willow trees on slopes (McIvor et al. 2008; McIvor et al. 2009; Douglas et al. 2010) . However, although significant advances in understanding have been made in the last decade, and are being used to refine planting recommendations, a key gap is linking the mechanical quantification of root reinforcement with its effects on slope stability. The framework proposed by Schwarz et al. (2010a) provides an opportunity to upscale root distribution data to the stand scale, calculate root reinforcement, and thus discuss its effects on slope stability.
Methods to quantify root reinforcement have been developed over the last 35 years. The major advance in these has been the introduction of the fibre bundle model concept by Pollen (2005) which applied a stress-step loading approach to consider the progressive failure of roots Fig. 1 Flowchart of the material and methods used for the quantification of minimum tree distances to get the needed root reinforcement in order to reduce erosion on pastoral hillslopes with different root diameters. This was further extended in the 'Root Bundle Model' (RBMw; Schwarz et al. 2013) which is characterised by the following features:
-The model uses a strain-step loading approach to calculate the force-displacement behaviour of each single root of a bundle while considering the progressive failure of the roots as a function of displacement. -The model uses a Weibull survival function that describes the range of probability that a single root failed before or after the fitted value of maximum tensile force estimated based on its diameter class. This function considers the mechanical variability of root strength due to root material properties, root geometry, and soil mechanical conditions.
The RBMw allows the calculation of root reinforcement in terms of force and displacement for different root distributions which are spatially distributed at the hillslope scale. Such an approach allows an upscaling of root reinforcement in order to quantify the mechanism of slope stabilisation due to plant roots. Schwarz et al. (2010a) showed how root distribution is influenced by the forest structure and how it is possible to quantify root reinforcement as a function of forest structure (tree stem density and dimensions).
The impetus for this work focuses on linking research results to the needs of practitioners by providing supporting evidence to enable quantitative guidelines for planning and evaluation of ground bioengineering stabilisation measures to be formulated, as well as balancing the positive effect of slope stabilisation and carbon storage with the negative effect on pasture production. Available root distribution data provide the necessary foundation to calculate how factors such as location and morphology influence the stabilising effects of vegetation through root reinforcement. In this specific case, root distribution data and mechanical parameters of roots are combined to characterise the dynamic and the spatial distribution of root reinforcement at the slope scale. Root distribution data are rare and difficult to obtain. The comparison of data from two different datasets, as presented in this work, provides a rare opportunity to discuss the effect of environmental conditions and measuring methods on the results of root distribution.
The objectives of this paper are to characterise the lateral root distribution of poplar trees using datasets from two different locations in order to compare the influence of environmental conditions, calibrate the root distribution model from Schwarz et al. (2010a) , and calculate the spatial distribution of root reinforcement on slopes with different tree spacing. Finally, it was also the aim to simulate the stabilisation effects of root reinforcement on slopes prone to failure in order to formulate general guidelines for planning and evaluation of ground bioengineering stabilisation measures.
Methods

General modelling process
Detailed root distribution datasets were used to calibrate the root-distribution model proposed by Schwarz et al. (2010a) and then combined with the mechanical parameterisation of root reinforcement implemented using unpublished 1 and published data for New Zealand poplars (McIvor et al. 2011) . The results of the model simulations using different combinations of parameter values, tree density, and tree dimension were then used to quantify the minimum planting setup needed to assure minimum levels of lateral root reinforcement (2, 5, 10, and 15 kPa, respectively). Finally, a three-dimensional force-balance approach was used to calculate the lateral root reinforcement needed for hillslope stabilisation as a function of slope inclination and mechanical properties of soil, as illustrated by Schwarz et al. (2010a) . The details of the applied methods are explained in the following sections.
Study area and data collection
Datasets of poplar root distribution from two localities were used for calibrating the root distribution model:
-The Gisborne Dataset, G, is from measurements of two single, but complete, root systems of poplar (Populus deltoides Marshall x P. nigra L. clone 'Veronese') trees grown from poles: one tree aged 1 year and one tree aged 2 years. Trees were part of a field trial established in September 2009 near Gisborne on the east coast of the North Island (see Phillips et al. 2014 for details). The trial was established on a low-lying, even-surfaced alluvial flat terrace adjacent to the Taraheru River, at the site of previous 'plant growth performance' trials to allow comparisons between species (e.g. Marden et al., 2005) . The soil is a free draining 'Te Hapara' Typic Sandy Brown Soil (Hewitt, 1998) . The site (50 m by 50 m) was tilled before planting, weed mat laid to reduce competition from weeds, and trickle irrigation installed (to deal with summer dry periods). Poles (3 m un-rooted stem cuttings approximately 50-60 mm in diameter at the base) were pushed/ rammed vertically into the soil to 0.7 m depth on a 5 m × 5 m grid. Root distribution was measured by the complete excavation of the root systems. The number and the dimension of roots were measured along regularly spaced concentric circles centred on the middle of the stem (0.5, 1.5, 2.5, 3.5,…m). Root diameters were measured manually with a pair of callipers. The number of roots was calculated for root diameter classes of 1 mm interval (0-1.5, 1.6-2.5, 2.6-3.5,…). Fine roots are defined as having a diameter less than 1.5 mm. -The Palmerston North Dataset, PN (3 m poplar poles, densities 89, 160, 210, and 237 stems per hectare (sph)). This dataset was obtained from a study on the effect of tree density on root distribution of hybrid poplar (Populus deltoides Marshall x P. nigra L. clones 'Veronese' and 'Tasman') growing on two nearby (<1 km apart) pastoral hill country sites at AgResearch's Ballantrae Hill Country Research Station near Palmerston North (Douglas et al. 2010 ). Plantings at the two sites were on slope angles of 0-30°but most were on angles of 5-20°. Soils were silt loams with limited natural drainage, grey subsoil, and various mottles and concretions. The trees were aged 9-11 years, and most were arranged in a Nelder radial planting design established in 1996. Maximum average tree height was 15.2 m, and mean diameter at breast height (DBH; 1.4 m above ground on the upslope side of trees) ranged from 0.17 to 0.30 m. Roots between adjacent trees at densities of 89 (10.6 m × 10.6 m), 160 (7.9 m × 7.9 m), 210 (6.9 m × 6.9 m), and 237 (6.5 m × 6.5 m) sph were assessed in trenches to determine root number and root diameter distribution. A total of 20 trenches were analysed in this study, 5 for each tree density (89, 160, 210, and 237 sph). Each trench was 1.2 m long, 1.0 m deep, and 0.4 m wide, and measurements were made by placing a 0.9 m × 0.9 m steel reinforcing mesh on the smoothed trench faces. The mesh comprised 36 cells, each 0.15 m × 0.15 m, arranged in six rows of six cells per row. The number and dimension of roots were collected for each cell. Root diameters were measured manually using a pair of callipers. The technique measured roots growing horizontally or at an angle to the trench face and excluded roots growing vertically (tap roots, sinker roots). The minimum distance of trench faces from trees was 0.9 m so that information on roots in close proximity to the original planting pole was not recorded. The values used as input for the model simulations for the two datasets are summarised in Table 1 .
Root distribution modelling
The root distribution data were used to calibrate the root distribution model described by Schwarz et al. (2010b) . This modelling approach involves a static fractal-branching model (Tobin et al. 2007 ) based on simple morphogenetic parameters, similar to those used by other models (Diggle 1988; Lynch et al. 1997; Ozier-Lafontaine et al. 1999; Pages et al. 2004 ). The starting point for modelling root distribution requires information on the fine-root (<1.5 mm diameter) distribution. The distribution of root diameters associated with primary and secondary root systems is assumed to be strongly correlated with mean fine-root distribution and distance from the tree stem. The total number of fine roots (N fr ) in a root system associated with an individual tree may be estimated from the sapwood area, crown volume, or other tree properties (Schwarz et al. 2010b ). In the following calculations, the DBH of the tree is used applying the equation
where μ is the empirical pipe coefficient (N°m −2 ) and DBH is the tree stem diameter at 1.4 m height (m).
Additionally, the maximum lateral (radial) extent of a root system (d stem max ) may be estimated using empirical relationships such as proposed by Roering et al. (2003) and Ammer and Wagner (2005) with the form 
where δ is a dimensionless empirical coefficient. The calculation of the fine-root density as a function of distance from tree stem has the form
where d stem is the distance from tree stem (m) and
where d frf is a dimensionless factor for the estimation of the scaling factor of the survival function (=d frf ⋅ DBH), and w is the shape factor of the survival function.
The density of coarse roots as a function of distance from the stem is deduced by assuming a constant value of branching distance (BD) (Ozier-Lafontaine et al. 1999; Van Noordwijk and de Willigen 1994) . At each branching point, a coarse root may split into smaller diameter roots, maintaining a constant proportionality factor (red_coeff) between pre-branching cross-sectional areas of a coarse root and the sum of cross-sectional areas of finer roots after branching (Van Noordwijk and de Willigen 1994; Wang et al. 2006) . For a given maximum lateral root system extent and for a given fine-root density, the diameter of coarse roots at each branching point is computed defining root diameter as a function of the distance from the stem. Hence, for each distance from a tree, a maximum root diameter (RDmax) is computed as an upper bound for root diameter distribution. The number of roots as a function of root diameter for diameter values between fine-root size and maximum diameter is calculated on the basis of empirical root distribution data using an exponential function (parameter exp_distr) (see Schwarz et al. 2010b) .
Calibration of the model was conducted by maximising the likelihood value obtained by the sum of normal probability function of the residuals (mean = 0 and standard_deviation = (error variance)^(0.5)).
Scaling root reinforcement
Root reinforcement at the hillslope scale is estimated assuming the minimum value of tensile forces calculated for the bundles of roots between neighbouring trees. The tensile forces of the root bundles are calculated using the RBMw (Schwarz et al. 2013 ). The RBMw requires a set of parameters to quantify the mechanical behaviour of roots and a set of root distribution data (as the results of measurements or modelling, as shown in the previous section).
The mechanical behaviour of each class of root diameter is calculated using the equation of elasticity theory where maximum tensile force and Young's modulus are functions of the root diameter. The failure of roots approaching a critical value of maximum tensile force (breakage or slip-out) is calculated using a survival function. The form of the survival function (in our case a Weibull function) is used to characterise the variability of the root mechanical properties.
Tensile test data obtained for 123 root samples from 'Veronese' poplar trees aged <10 years (unpublished data 1 partially reported in McIvor et al. 2011) were used to calibrate the parameters for estimating the maximum tensile force (F, in [N] ) of each root diameter class. The under-bark diameter of the tested roots ranged from 0.9 to 8.51 mm. Data presented by Hathaway and Penny (1975) are consistent with the above indicating that the following force-diameter equation can be used
where d is under-bark root diameter (mm). In order to account for the root diameter under-bark used by Watson et al.
1 and the root diameter with bark considered in the datasets G and PN, the conversion proposed by Watson et al.
1 was used (under_bark_diameter = 0.72 diameter_with_bark − 0.35; R 2 = 0.95). No data for the calibration of the secant Young's modulus equation and the breaking survival function were found for the implementation in the RBMw so the values reported by Schwarz et al. (2013) were used.
The spatial distribution of root reinforcement is characterised in terms of maximum tensile force of the root bundle crossing 1 m of landslide scarp.
Slope stability calculations
Calculations of slope stability are made within the limit equilibrium framework considering a unique slice corresponding to the dimensions of the considered shallow landslide. The equilibrium of forces is calculated considering the three-dimensional shape of the shallow landslide (Schwarz et al. 2010a ). The shear strength at the failure surface of the shallow landslide was quantified using the Mohr-Coulomb criterion. The inclusion of lateral root reinforcement in slope stability calculations is achieved by considering an additional stabilising force proportional to the upper scarp length and to the lateral root reinforcement calculated for a defined tree density (Schwarz et al. 2010a) . In order to compare the efficiency of the lateral root reinforcement versus the basal root reinforcement (Schwarz et al. 2014) , 10 % of the lateral root reinforcement was considered in the calculations acting on the landslide slip surface. The value of 10 % is obtained considering the reviewed data of vertical root distribution reported by Glenz (2005) and Phillips et al. (2014) .
Additionally, the force balance for different landslide dimensions was computed assuming a three-parameter inverse-gamma distribution of the landslide frequencymagnitude distribution proposed by Malamud et al. (2004) with the form
where A L is the landslide area [km 2 ], ϱ is the parameter primarily controlling power-law decay for medium and large values in the three-parameter inverse-gamma probability distribution, a is the parameter primarily controlling location of the maximum in the threeparameter inverse-gamma probability distribution, s is the parameter primarily controlling exponential rollover for small values in the three-parameter inverse-gamma probability distribution, and Γ(ϱ) is the gamma function of ϱ. The set of parameters fitted by Malamud et al. (2004) (ϱ = 1.4, a = 1.28 10 −3 , and s = −1.32 10 −4 ) was applied, and a sample of 10,000 hypothetical landslides generated using a random number generator function in the R environment (www.r-project.org ).
Variability of soil depth, soil effective friction angle, and soil cohesion were considered assuming a normal distribution. For simplicity, fully saturated conditions were assumed representative of an extreme triggering rainfall event (i.e. pore water pressure = soil depth). Assuming saturated conditions of the soil trench implies that possible additional suction stress due to capillary forces are not present, soil specific weight for fully saturated conditions are considered, and that effective normal stress is given by the normal stress minus the pore water pressure at the shear surface (which is proportional to the soil depth). Based on inventories of shallow landslides (De Rose et al. 1995; Rickli and Graf 2009 ) , the mean soil depth was set to 1.2 m with a standard deviation of 0.1 m. The range of soil mechanical parameters and their variability were estimated according to data reported by Claessens et al. (2007) , assuming the values to be normally distributed. Three classes of effective friction angles and cohesion were defined (24°, 29°, and 34°for the friction angle and 0, 6, and 12 kPa for the soil effective cohesion). Soil density was fixed to 1.4 [t m
−3 ] (Claessens et al. 2007 ). In order to confine the analysis of sediment balance only to shallow landslides (defined as landslides with maximum soil thickness equal to 2 m), the relationship found by Kaldaron-Asael et al. (2008) was used to estimate the threshold of maximum shallow landslide area. Assuming a coefficient of 0.03, a threshold of about 5000 m 2 was obtained. Based on the event analysis of Rickli and Graf (2009) , an elliptical shape of the landslides is assumed with a width/length relationship equal to 0.5.
The approach described above is essentially the basis of the SlideforNET tool, which was developed to quantitatively assess the effect of lateral root reinforcement on shallow slope stability. The detailed description of this formulation can be found in Schwarz et al. (2010a Schwarz et al. ( , 2012b Schwarz et al. ( , 2014 .
Results
Root distribution
Calibration with the G dataset Following the procedure described above, the first step consisted of fitting the fine-root distribution. The results of the model calibration for the 1-year-old (DBH = 66 mm) and the 2 year-old (DBH = 151 mm) poplar trees are shown in Fig. 2a, b , respectively. The value of variance that maximises the likelihood function is 0.17 and 0.08. The maximum number of fine roots is between 5 and 6 per metre width of soil trench at a distance that is 1-1.5 times the DBH. Maximum rooting depth is found to be less than 0.9 m.
The number of fine roots per linear metre is used in the model as an input parameter for calculating the root distribution at different distances from the tree stem. The measured root distribution (points) of the 1-yearold and 2-year-old trees are shown in Fig. 3a -c, respectively. All the simulated data were obtained using a single set of calibrated parameters for the G site reported in Table 2 . The decay exponent of the model was calibrated to be equal to −0.5.
Calibration with the PN dataset
The results of the calibration of the root distribution model using the PN dataset are shown in Fig. 4 . Fineroot distribution for four planting densities could be fitted by the model using a single value of each parameter (independently from tree density and distance from tree). The distribution of fine roots in the 89 and 160 sph densities shows an exponential decay with increasing distance from tree stem, whereas in the 210 and 237 sph densities, a lower variation of fine-root density may indicate overlapping of the root systems of neighbouring trees, as shown in Schwarz et al. (2012a) . The results show that the maximum root diameter present in a bundle decreases with increasing distance from the stem. Comparison of trench P1 with P2 shows how maximum root diameter at one quarter of the distance between stems is coarser than at half the distance between stems. The differences between the distribution of P1, P3, and P5 (same distances) show the influence of small difference in distances and stem dimensions on the root distribution. For example, the number of roots is higher for P1 than P2 at 237 sph density, where T1 and T2 have higher stem dimensions and lower distances than T3 and T4 (see Table 1 ).
The calibrated values of the model parameters for the two datasets are summarised in Table 2 . The two datasets exhibit considerable differences with the pipe coefficient, the root distribution exponent, and the maximum root spread coefficient in particular.
Root reinforcement
The modelled root distribution results are used to calculate the root reinforcement for different combinations of tree dimensions and distances from tree stem. The calculated distribution of root reinforcement as a function of distance from tree stems of four stem diameters (0.15, 0.2, 0.25, and 0.3 m DBH) is shown in Fig. 5 . For each modelled root distribution, the force-displacement behaviour of the root bundle was calculated under tension, and the maximum value of force was used to characterise the lateral root reinforcement. The obtained root reinforcement ranged between 0 (small DBH and large distances) and 30 kN m −1 (0.3 m DBH and 2 m distance). Reinforcement increased with increasing DBH and decreases with increasing distance from the tree. However, the results obtained by running the model with different calibration datasets were considerably different, i.e. the root reinforcement calculated for the G dataset was greater than from the PN dataset, Calculated root reinforcement using measured and modelled root distribution of the PN datasets were compared in order to analyse the effect of the interaction between neighbouring root systems on the distribution of root reinforcement. The results showed that root reinforcement increased with increasing stem density per hectare (from red points/lines to orange points/lines in Fig. 6 ) for both modelled and measured root distributions. The three values of reinforcement obtained for the middle distance between trees (0.5, 1.5, 2.5 normalised distances) follow similar trends, whereas the results at 1.25 and 1.75 normalised distances show inverse trends with higher root reinforcement for the 160 sph than the 210 and 237 sph. The normalised distance is defined as the quotient between the position of the considered soil trench and the distance to the tree stems.
Using the calibrated root distribution model, threshold values of minimum root reinforcement (2, 5, 10, and 15 N m −1 ) were then able to be calculated considering different combinations of stems per hectare and mean stem DBH at stand scale. The calculated minimum distances between stems needed in order to obtain the desired minimum level of lateral root reinforcement (kN per linear metre along the potential landslide scarp) are shown in Fig. 7 . In order to calculate the corresponding number of stems per hectare needed to reach a defined threshold of root reinforcement, the surface of one hectare must be divided by the distance between stems (dis) elevated to the square (sph = 10,000 dis −2 ). In order to assess the influence of the considered thresholds of lateral root reinforcement on the stability of the slope, the 'Slidefor NET ' tool (www.ecorisq.org, Switzerland) was applied to different combinations of slope inclination (24°, 29°, and 34°), soil friction angle ((24°, 29°, and 34°), and root reinforcement (0, 2, 5, 10, and 15 kN m
−1
). The results indicate that the most consistent variation in frequency-magnitude was obtained for landslide areas up to 2000 m 2 (Fig. 8) . In order to test the sensitivity of the slope stability calculations as functions of the slope inclination (β), soil effective internal friction angle (Φ'), and soil effective cohesion (c'), a series of simulations were performed using 24°< β < 34°, 24°< Φ' < 34°, 0 < c' < 12 kPa and a fixed set of parameters. Changes in total normalised landslide volume as a function of lateral root reinforcement considering three classes of soil cohesion are shown in Fig. 9 . The normalised landslide volume is defined as the quotient between the sum of landslide volumes calculated considering a minimum value of lateral root reinforcement and the sum of landslide volume calculated considering zero lateral root reinforcement. Generally, the potential landslide volume decreased with increasing lateral root reinforcement (Fig. 9) , as might be expected. The effectiveness of lateral roots for stabilising slopes increased with decreasing slope inclination. In the case of zero soil cohesion, the reduction of normalised landslide volume reached 65 % for a 15 kN m −1 of lateral root reinforcement, 24°slope inclination, and 34°o f soil effective friction angle. In the case of slope inclination of 34°with soil effective friction angle of 24°, the effect of lateral root reinforcement was negligible. However, assuming that the depth of potential failure surfaces could be located within the rooting zone on steep slopes, then it may be assumed that some root reinforcement is acting on the shear surface. These results show that basal root reinforcement increases the stability of areas that may potentially suffer from landslides (Fig. 9) .
Discussion
Root distribution and reinforcement
Differences in measured root distribution in the two datasets (G and PN) analysed may be due to a range of factors. Phillips et al. (2014) found that root growth rate at the G trial site was greater than that reported in comparable studies reported in the literature, arguing that the uniform sandy loam alluvial soil, warm temperatures, available moisture, and weed suppression were all factors likely to have contributed to particularly favourable root growing conditions. In contrast, the denser, clay-rich, heterogeneous soils such as those at the PN site may have restricted root growth and performance of trees at that site. The different tree ages at the time of sampling (1-2 years in G and 9-11 years in PN) represent an issue when comparing data on root distribution. However, in the context of the modelling framework, the physiological-related parameters such as the pipe coefficient or maximum rooting distance coefficient represent a useful term of comparison between the growing conditions of the two field sites. Differences in the root distribution within the same field site may be explained by the variability of the initial planting material and local variation of environmental factors. For instance, it is recognised that the size and volume of planting materials influence the initial growth rate of roots and shoots (Phillips et al. 2014 (Phillips et al. , 2015 Sulaiman 2006) , due to the effect of rhizocauline (Schiechtl 1992) present in the cambium cells. The higher survival and growth rates of larger diameter poles may compensate for their extra start-up cost during field establishment (Sulaiman, 2006) . Another reason for the differences in the root distribution between the two datasets could be related to the different sampling methods used to obtain the field Fig. 4 Root distribution data fitted using the PN dataset (Douglas et al. 2010) , considering four tree densities: 89, 160, 210, and 237 sph (corresponding to mean stem distances (D) of 10, 8, 7, and 6.5 m, respectively). Points correspond to the data of the mapped trenches (P), the continuous line shows the results of the calibrated model, and the dashed lines the 95 % confidence interval. T indicates the position of the trees in the transect data. The time-consuming excavation of entire root systems tends to limit measurements to only a few trees, but the trench sampling used to obtain the PN dataset provides a lower accuracy in terms of spatial characterisation of roots but enables the analysis of variability among more trees. In the case of asymmetrical root systems, the trenching method may lead to underestimation or exaggeration of root number depending on the direction of the trench position. In this study, how the proposed quantitative framework could be applied to both types of datasets has been demonstrated, using either a single tree (e.g. the G dataset) or multiple trees (e.g. the PN dataset) for model calibration. Although comparing the root distribution of the two datasets is difficult because of different field trial characteristics, age of trees, and sampling methods, the application of a modelling framework does allow a general comparison of the datasets in terms of calibrated model parameters. Moreover, the possibility to cross-calibrate the model using the best existing datasets for 'Veronese' poplar allows for some discussion on the variability of root distribution as influenced by environmental conditions. One of the most important and difficult to measure parameters of a tree's root distribution is the maximum lateral root spread. Only difficult and timeconsuming measurements, as performed for example in the G dataset, lead to an accurate assessment of the maximal lateral spread of a root system (Phillips et al. 2014 ). Nevertheless, the results shown in Fig. 4 support the calibrated model coefficient value of 14 (shown in Table 2 ) for the PN dataset. This number is based on a mean DBH of 0.3 m. From this, a maximum lateral root spread of 4.2 m was obtained, which means that no roots are expected to cross soil trenches at the middle distance between trees with density lower than 160 sph. Analogously, the calculated maximum lateral root spread of 13.3 m for the 2-year-old poplar of the G dataset is comparable to the values reported in Phillips et al. (2014) for growth of another 'Veronese' poplar at the G field site.
Another difficult parameter to be determined is the pipe coefficient. An exact estimation of this parameter is possible only if all the fine roots of the root system are measured, as in the case of the G dataset; otherwise, it can be estimated fitting the distribution of fine roots at different distances from the tree stem (as shown in Fig. 4 ). Not surprisingly, the results of this study show that the estimated pipe coefficient is considerably different for the two datasets. Considering that the pipe coefficient is an index of how many fine roots are actively contributing to metabolism of the plant (assimilating water and nutrients), it could be argued that increased concurrence and unfavourable local stand characteristics (i.e. soil type) would lead to a reduction in metabolism and thus to a reduction in fine-root number and growth. However, the value of the pipe coefficient results is actually higher for the PN dataset than the G dataset because the total number of fine roots is concentrated in a smaller area occupied by the root system, resulting in low total number of fine roots.
Fitted parameters in the root distribution model such as the 'Exponent of coarse root distribution (exp_distr)' and the 'Coarse root proportionality factor (red_coef )' reflect the characteristics of the coarse roots in terms of frequency and maximum root diameter, respectively. The 'Peak distance of fine root frequency (d_frf )' and 'Weibull coef.' for 'fine-root distribution (w.coef )' parameters were used to characterise the fine-root distribution as a function of distance from tree stem. The range of d_frf values indicated that the maximum density of fine roots was expected at a distance equal to 2 and 6 times the tree DBH for the G and PN datasets, respectively. The importance of fine-root density in determining the magnitude of root bundle tensile strength is shown in Fig. 5 in comparison to the results of Fig. 2b , where the maximum root reinforcement for a tree with 0.3 m DBH is expected at about 1.9 m, exactly at the distance where the maximum intensity of fine-root density is reached. Overall, the two sets of parameters calibrated for the G dataset are consistent, showing that the tree stem diameter has a major influence on the different results of root distribution.
Seasonal changes in fine-root frequency may also be an important factor influencing lateral root reinforcement. McIvor et al. (2011) found that 'Veronese' poplar had a significant reduction in fine-root length density during the dormant season, with little change in coarse root distribution observed. From the modelling perspective, it may be assumed that only root diameters greater than 2 mm contribute to lateral root reinforcement constantly during the year; this assumption may have a strong effect on the estimation of root reinforcement since fine roots in some cases determine the overall mechanical behaviour of the root bundle. For instance, the calculation of lateral root reinforcement for the root distribution measured at trench number 4 (P4) on the 160 sph plot of the PN dataset produced a value of 10.4 kN m −1 , whereas assuming zero root for diameter classes <2 mm, a value of 8.85 kN m −1 lateral root reinforcement was obtained. In this case, the contribution of fine roots to total lateral root reinforcement is relatively small (about 20 %), but in the case of a root bundle far from the tree stem, this contribution may be higher and lead to values of root reinforcement equal to 0. Root systems on moderate to steep slopes may develop more asymmetric growth patterns than on flat land, particularly in the upslope-downslope direction (Chiatante et al. 2003) , depending on factors including species, soil texture, plant age, mechanical effects (wind-snow), and nutrient-water availability (Stokes et al., 2009) . A simple overlapping pattern of root systems was used in the calculation of the minimum distance between trees presented in Fig. 7 . This simplification excluded the possible effect of root system concurrence and asymmetry due either to hillslope inclination or the concurrence of neighbouring trees. Even if this simplification is unrealistic, it seems that when considering the effective tree distance for slope stabilisation, then the concurrence effects of neighbouring root systems on the root distribution are weak and thus may be excluded (Schwarz et al. 2010b) . Also under these conditions, the effects of grafting or mechanical interaction between roots have no influence on the calculation of rootbundle tensile forces, as discussed in Giadrossich et al. (2012) . Moreover, in the case of poplar species growing on gentle slopes, no effect of direction of slope was found by McIvor et al. (2005) , which is in accord with the assumption made in the model tested here. Further research is needed to clarify these aspects for other locations or other tree species.
The differences in root diameter distribution for the two datasets (G and PN) are reflected in a considerable difference in the distribution of maximum root pullout forces as shown in Fig. 5 . Root distribution is an important factor in determining root reinforcement behaviour (maximal pullout forces and stiffness), as well as the mechanical and geometrical properties of roots (Schwarz et al. 2010a; Cohen et al. 2011) . Root number as well as the distribution of diameter classes of roots also has a major influence on the mechanical properties of a bundle of roots. The peak of root reinforcement at 2 m distance from a 0.3 m DBH tree modelled for the PN dataset is due to the peak of root frequency calculated for this distance. This result shows that, at this distance, root reinforcement is dominated by roots with diameter classes less than 2 mm. While the number of roots mainly influences the magnitude of the reinforcement, the distribution of roots in different diameter classes influences the magnitude of reinforcement, with a factor ranging from 1 to 3 , and the stiffness of the reinforcement (Schwarz et al. 2013 ). This last aspect has been discussed less often in the literature, but it represents an important factor in conditions where the stabilisation effects of roots are due mainly to lateral roots Schwarz et al. 2012a , Schwarz et al. 2015 . Although the results show a good prediction of the root distribution model (Fig. 4) , the prediction of root reinforcement in Fig. 6 shows how sensitive this calculation is to slightly different distribution of roots, especially in the case of the PN dataset. Vice versa, the model prediction of root reinforcement based on the G dataset fits the data better (Fig. 5) . This difference may be explained by two main reasons. First, the simulation conducted for only a single tree is not a representative of an entire stand and thus shows lower variability. Second, the calibration of the root distribution model based on data of a complete excavated root system with a greater number of trench distances (one every metre) allows for the whole root system to provide a better prediction of root distribution.
The force-diameter relationship is also important because it strongly influences the calculation of root reinforcement using the RBMw. Force-diameter relationships are usually quantified by laboratory tensile tests of root diameters up to a few millimetres, but difficulties exist in extrapolating values for larger root diameters. The unpublished poplar data of Watson et al.
1 include root diameters up to about 8 mm (see Additional file 1), which increases the plausibility of results from the RBMw for a root bundle dominated by roots smaller than 8 mm. The variability of measured root tensile strength is considered in the RBMw using a survival function with a Weibull shape, which describes the probability of a root breaking before or after the fitted value of maximum tensile force (Schwarz et al. 2013) . Even if the unpublished force-diameter data of 'Veronese' poplar roots from Watson et al.
1 used in the calculation were obtained for root material from a different location than PN and G, it was assumed that these data were, on average, representative for the studied field conditions. In fact, it is not possible to make a direct comparison of these data with other data from the literature for the same clone, or even the same species. Further studies are needed to assess the variability of root mechanical properties of poplar, also both as a function of local environmental conditions and of the development stage of the plant. For instance, Hathaway and Penny (1975) discussed how root strength depends on season, showing that the root tensile strength of 1-yearold poplar clone 'I-488' was greater during the winter, reaching a peak in September (early spring), in parallel to a peak in lignin content. In view of such probable root mechanical seasonal variability, the results presented in this study aimed to quantify the possible range of lateral root reinforcement due to 'Veronese' poplar roots only as a function of different root distribution datasets.
Stabilisation effect of lateral root reinforcement and application of results for erosion control
Rooting depth reported in the literature for 'Veronese' poplar ranges between 0.5 and 1 m, indicating that no basal root reinforcement may be expected in shallow landslides with failure surfaces commonly between 1 and 2 m soil depth. According to Schwarz et al. (2010a) , lateral root reinforcement has been shown to contribute to slope stability. The values of estimated lateral root reinforcement in our results confirm the finding of Schwarz et al. (2010a) . The use of the 'Slidefor NET ' approach allows for a stochastic characterisation of the effects of lateral root reinforcement on slope stability in terms of reduced partial landslide probability (Fig. 8) , or in terms of stabilised landslide volume (Fig. 9) .
The stabilisation effects of lateral roots are related to their spatial distribution, which is related to the architecture of each root system and the position of the trees on the slope (inter-tree distance). Interlocking root systems with a high number of roots allow a wider redistribution of destabilising forces, increasing the probability that unstable zones are linked to stable ones, assuring the stability of the whole slope. As discussed in the literature, roots under tension contribute to slope stabilisation, but those under compression may also contribute to the overall reinforcement and may play a major role . The efficiency of root reinforcement under compression may eventually depend on the geometry of the tree layout (squared, triangular, radial, etc.); further studies are needed to analyse this aspect.
The results in Fig. 7 show that the minimal lateral root reinforcement has a realistic range between 2 and 15 kN m −1 , which in terms of mean distances between trees (see Fig. 5 ) corresponds to 5.5 and 18 m for poplar trees with 0.3 m DBH (tree density of 330 and 30 sph, respectively). Comparing results obtained from the two datasets (G and PN) enables the possible range of lateral root reinforcement that could be expected for different tree spacings to be defined. As discussed previously, the difference in the two datasets results in an important difference in calculated lateral root reinforcement, which in turn gives an idea of the variability of slope stabilisation efficiency of a spaced tree population. Data on the estimated minimal effective tree distance derived from empirical studies (Douglas et al. 2013) , 8 × 8 m − >160 sph, falls in the calculated range of values obtained in this study giving further weight to the approach developed here. However, it is important to emphasise that root distribution is highly variable and may not be represented by single values, but by a range of values.
The importance of trees to contribute to soil carbon has been widely recognised and therefore soil conservation trees have both environmental and a political relevance. For instance, requirements for claiming carbon credits are under discussion within the New Zealand Emissions Trading Scheme (ETS). A tree canopy cover of 30 % is considered to provide a balance between carbon sequestration and the reduction of annual pasture production due to trees (estimated to be 10 % less than from no trees).
Using the data reported by McIvor and Douglas (2012) for a 0.3-m DBH poplar tree, about 70 sph is needed to achieve this balance. This corresponds to a mean stem spacing of about 12 m. Comparing these data with the results of the present work, such a tree spacing would lead to lateral root reinforcement ranging between 0 kN m −1 for the PN dataset and 16 kN m −1 for the G dataset. These results show that it is important to have complete information on root distribution characteristics in order to be able to perform quantitative analysis of the effect of spaced trees on the stability of hillslopes.
The relationship between tree DBH and canopy cover due to different spacings of poplar trees (30, 70, 130 , and 210 sph) obtained with the information reported in McIvor and Douglas (2012) is shown in Fig. 10 . Comparing the results at 30 % canopy cover, it emerges that only for stem densities up to about 100 sph, it is possible to obtain such a percentage of canopy cover with tree DBHs ranging between 0.2 and 0.5 m. Considering the combination of factors that would lead to 30 % cover for a stem density of 30 and 70 sph (points A and B in Fig. 10 ), the mean stem distance would be about 18 and 12 m, respectively, meaning that the root system radius should reach 9 and 6 m in order to contribute to lateral root reinforcement at the hillslope scale. In favourable growing conditions (such as found in the case of the G dataset), these stem distances would lead to considerable lateral root reinforcement (>15 kN m −1 ), whereas for the PN dataset, the estimated lateral root reinforcement is about zero.
In this study, the results obtained for different dimensions of 'Veronese' poplar trees were compared, ranging from 66 mm DBH for the 1-year-old pole in the G dataset to 300 mm DBH for poles in the PN dataset in the 237 sph density plot. This range in DBH corresponds to the dimensions that poles of this clone may reach in 11 years of growth on a gentle hillslope. Assuming an age-DBH correlation, it would be possible to predict the temporal development of root reinforcement. This type of information would enable management strategies for spaced tree populations on slopes to be developed that would ensure constant minimal root reinforcement over a long period of time. For instance, if a high tree density was planted (300-400 sph), later thinning and pruning may optimise the density of trees in later years in view of growth rates and root distribution. A future valuable initiative would be to determine how thinning and pruning measures influence root distribution over time.
Even in the case where the mechanical effects of lateral roots on the stabilisation of shallow landslide are small or negligible, the hydrological effects of vegetation may still contribute to slope stabilisation. In fact, depending on the hydro-mechanical condition of the slope, vegetation may increase directly or indirectly the matric suction and the permeability of the soil, enhancing slope stability. However, considering the typical hydrological conditions for the triggering of shallow landslides in New Zealand (Douglas et al. 2006; Wilkinson et al. 2002; Hawke and McConchie 2011) , the hydrological effects of vegetation are strongly seasonally dependent and the stabilisation effects during intense and prolonged rainfall are likely to be limited.
The inclusion of poplar root distribution and tree size data in slope stability models in this study has provided valuable guidance on potential implications for pastoral hillside stability. The approach is believed to be the first for wide-spaced tree plantings. Although results have been restricted to young trees with maximum DBH of 0.3 m, pastoral slopes with establishing trees are often the most vulnerable to shallow landslides and other erosion processes mainly because trees have small root systems compared with older trees (McIvor et al. 2008) . The results support a strategy of planting at high density to hasten slope stabilisation and thinning later as canopies and roots develop, to facilitate growth of the pasture understorey.
In view of the results obtained in the current study, the authors suggest further research should focus on:
-Root distribution mapping of trenches on a representative ecological range of hillslopes, performing pullout tests of roots with diameters greater than 8 mm (eventually in different seasons), -Quantifying the performance of different dimensions of planting material in terms of temporal development of lateral root reinforcement, and -Performing event analysis for shallow landslides in view of a better stochastic characterisation of the frequency-magnitude relationship of such events.
Conclusions
This paper describes a unique quantitative approach that combines information about root distribution and root mechanical data in order to calculate the spatial distribution of root reinforcement as a function of tree dimension and distance between 'Veronese' poplar trees. The results were used to formulate guidelines for the planning of bioengineering measures with the aim of reducing erosion on pastoral hill slopes in New Zealand. The calculations show that the definition of effective planting density for the same poplar clone 'Veronese' is a function of the local root growing condition, the slope inclination, and the soil mechanical properties (effective friction angle and cohesion). Generally, it can be concluded that planting density that ranges between 330 and 160 sph (corresponding to stem distance of 5.5 and 8 m, respectively) would assure significant root reinforcement for slope stabilisation (>2 kN m −1
) and reduce the volume of triggered shallow landslides by up to 100 %. In ideal growing conditions, tree spacing starting McIvor and Douglas (2012) 
